Erythrocytes bind circulating immune complexes (ICs) and facilitate IC clearance from the circulation. Chronic hepatitis C virus (HCV) infection is associated with IC-related disorders. In this study, we investigated the kinetics and mechanism of HCV and HCV-IC binding to and dissociation from erythrocytes. Cell culture-produced HCV was mixed with erythrocytes from healthy blood donors, and erythrocyte-associated virus particles were quantified. Purified complement proteins, complement-depleted serum, and complement receptor antibodies were used to investigate complement-mediated HCVerythrocyte binding. 
H epatitis C virus (HCV) infection is a major global health burden, with up to 150 million people chronically infected.
(1) Chronic HCV infection is among the most common causes of liver cirrhosis and hepatocellular carcinoma and is the primary reason for liver transplantation in the United States. (2) (3) (4) (5) Although the liver is the main site of HCV replication and injury, a broad range of HCV-related extrahepatic clinical manifestations exist and are often associated with immune complex (IC)-containing viral particles. (6) (7) (8) One of the important innate immune surveillance functions of the complement system is to promote binding of immune complexes to complement receptor type 1 (CR1). (9) Given that erythrocytes contain over 90% of the circulating CR1 pool, they may play an important role in immune complex clearance. (10) Erythrocyte CR1 (E-CR1) can bind complement proteins C3b, C4b, and C1q. (11) (12) (13) (14) E-CR1 facilitates IC removal from the circulation and prevents IC deposition by shuttling ICs and complement-opsonized particles to the phagocytic systems of the liver and spleen. (15) Dysregulation of E-CR1 may play a role in the pathogenesis of IC-mediated diseases. Several reports have shown that patients with systemic lupus erythematosus (SLE), autoimmune hemolytic anemia, and Sjögren's syndrome had reduced E-CR1 levels. (16) (17) (18) Defects in complement activation and erythrocyte-mediated IC clearance are thought to be central to pathogenesis in SLE. (19) We and another group previously demonstrated that free HCV particles from chronically infected patients could be complement-opsonized and bound to CR1 on B lymphocytes. (20) (21) (22) Chronic HCV is associated with IC-related diseases, such as mixed cryoglobulinemia, membranous glomerulonephritis, and non-Hodgkin's lymphoma. In this study, we investigated the kinetics and mechanism of HCV and HCV-IC binding to and dissociation from human erythrocytes.
Patients and Methods
Detailed descriptions of our patients and methods used for cell culture, in vitro RNA synthesis, HCV production in cell culture, conversion of plasma to serum, and peripheral blood mononuclear cell (PBMC) isolation were described in our previous studies. (20, 22) Ethics committees of the American Red Cross and the National Institutes of Health (NIH) approved the study protocol in accord with the Declaration of Helsinki and the study has been reviewed annually by an NIH Institutional Review Board (NIH Protocol 91-CC-0017). All subjects provided written informed consent to participate in the study. Methods for in vitro HCV binding assays with complement-depleted sera are described in the Supporting Information.
ISolatIoN oF HUmaN eRytHRoCyteS
Buffy coats from healthy blood donors or whole blood from chronically infected HCV patients were obtained for isolation of erythrocytes by using the Ficoll-Pague density gradient centrifugation method. After removing the plasma layer and interphase layer, the rest of the Ficoll layer and the top layer of erythrocytes were also removed. The remaining erythrocytes were washed twice with 1 × phosphate-buffered saline (PBS; pH 7.4) by centrifugation at 470g and 210g for 10 minutes each at room temperature (25°C) for the first and second wash, respectively. After centrifugation, supernatant was removed along with the top thin layer of cells from erythrocytes in each wash. Erythrocytes were further washed twice with RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 2 mM of l-glutamine, 100 unit/mL of penicillin, and 100 μg/mL of streptomycin (complete RPMI medium) and collected by centrifugation at 210g for 10 minutes at 25°C. Finally, erythrocytes were resuspended in complete RPMI 1640 medium, counted, and cells concentrations were adjusted to 1 × 10 9 E/mL.
Briefly, 42 μg of HCV1a (H77S) full-length RNA was transfected into 1.2 × 10 7 Huh 7.5.1 cells in two 25 × 150 mm culture dishes by using mRNA boost reagent and TranslT-mRNA reagent (MIR2250; Mirus, Madison, Wisconsin) according to the manufacturer's instructions. Eight hours after transfection, transfection culture medium was removed and cells were washed once with complete Dulbecco's Modified Eagle's Medium (DMEM) without antibiotics and cultured in 50 mL of the same medium per dish for 16 hours. Cells were then trypsinized and seeded into 25 × 150 mm culture dishes at 5.0 × 10 6 cells per dish with 50 mL of complete DMEM medium. Virus-producing cells were continuously subcultured every 2-3 days for 21 days posttransfection by seeding 5 × 10 6 cells per 25 × 150mm culture dish with 50 mL of complete DMEM medium. Before each subculturing, culture supernatant was collected and filtered through 0.45-μm sterile filtration units. Filtrates were aliquoted and stored at -80°C before use. Typically, the genomic copy number of HCV in supernatant was 1.0-3.0 × 10 7 copies per mL, and culture supernatants collected between days 8 and 21 were used in this study.
HCV BINDINg to HUmaN eRytHRoCyteS
In our standard binding assay, 3 mL of virus (1 to 3 × 10 7 genomic copies for HCV genotype 1a) was mixed with 100 μL of serum (approximately 20-25 CH50 units) to initiate complement activation (22) and then incubated at 25°C for 30 minutes. Next, 2 mL of erythrocytes (5 × 10 8 cells total) was added to the mixture and incubated for 15 minutes. The reaction was carried out in 15-mL sterile tubes with occasional mixing. After incubation, ethylenediaminetetraacetic acid (EDTA) was added to a final concentration of 20 mM, and the reaction mixtures were immediately cooled down for 5 minutes in an ice bath. Cells were pelleted by centrifugation at 470g for 6 minutes at room temperature and washed three times with 10 mL 1 × PBS (pH 7.4). Cell pellets were resuspended by pipetting, brought to a 200-μL volume with 1 × PBS, and then mixed with 600 μL of blood RNA buffer (ZR Whole-Blood RNA MiniPrep kit; Zymo Research, Irvine, CA). Total RNA was isolated according to the manufacturer's instructions, and each sample was eluted from the column with 50 μL of RNA diluent II, which contained nuclease-free water (Thermo Fisher Scientific, Waltham, MA) supplemented with 1.0 mM of dithiothreitol and 200 units/mL of RNasin (Promega, Madison, WI).
HCV ReleaSeD FRom eRytHRoCyteS
In our standard assay (unless otherwise stated), HCV1a (H77s) virus (1 × 10 7 genomic copies total) or HCV2a ( Japanese fulminant hepatitis 1; JFH1) virus (3.24 × 10 8 genomic copies total) in 3 mL of medium was incubated with 50 μL of Factor I-depleted serum for 30 minutes at 25°C, followed by adding 2 mL of erythrocytes (5 × 10 8 cells total). The reaction was carried out for 2 hours at 25°C. After incubation, EDTA was added to a final concentration of 20 mM. Cells were then pelleted by centrifugation at 470g for 5 minutes, washed twice with 10 mL 1 × PBS (pH 7.4) each time, and followed by one wash with 10 mL of complete RPMI medium. Washed erythrocytes were resuspended in 5 mL of complete RPMI medium and 4 μg of purified Factor I protein was added and incubated at 25°C and 37°C with variable times as indicated or at 25°C for 2 hours. Supernatants containing released virus particles from erythrocytes were collected by centrifugation at 470g for 5 minutes at each time point or after 2 hours of incubation. Viral RNA from supernatants and cell pellets was isolated by using the QIAamp Viral RNA Mini kit (Qiagen, Chatsworth, CA) and ZR Whole-Blood RNA MiniPrep kit (Zymo Research), respectively, according to the manufacturers' instructions. Each sample was eluted from the column with 50 μL of RNA diluent II.
aSSay FoR HCV BINDINg to B CellS
In vitro assay for HCV binding to B cells was conducted as described in our previous study, with slight modifications. (22) Briefly, HCV2a virus or HCV1a virus (free virus in medium) released from erythrocytes by Factor I treatment in 3 mL of medium was mixed with 2 mL of PBMCs (5 × 10 7 cells total) or pretreated PBMCs (5 × 10 7 cells total, at 25°C for 30 minutes with 5 μg of antibodies), respectively, and incubated at 25°C for 1 hour. The reaction was carried out in 50-mL sterile tubes with occasional mixing. After incubation, cells were pelleted by centrifugation, washed once with 10 mL of magnetic cell sorting (MACS) buffer (Miltenyi Biotec Inc., Auburn, CA) supplemented with 0.5% bovine serum albumin (BSA), centrifuged again, and resuspended in 400 μL of MACS buffer supplemented with 0.5% BSA. Cells were mixed with 100 μL of mouse antihuman CD19 or CD14 or CD3, or CD56 magnetic microbeads (Miltenyi Biotec Inc., Auburn, CA) and incubated at 4°C for 20 minutes. Cells were then diluted with 10 mL of MACS buffer, collected by centrifugation, and resuspended in 1 mL of MACS buffer. The cell suspension was applied to an MS column (Miltenyi Biotec Inc.) on a magnetic field separator. The column was washed three times with 1 mL of MACS buffer each time. The column was separated from the magnetic stand and placed on a 2 mL sterile tube. CD19 + B cells, or CD14 + monocytes and macrophages cells, or CD3 + T cells or CD56 + natural killer (NK) cells were flushed from the column with 1 mL of MACS buffer, collected by centrifugation, and resuspended in 650 μL of RNeasy Plus lysis buffer (Qiagen) supplemented with 1% 2-mercaptoethanol. RNA isolation was carried out using the RNeasy Plus Mini kit (Qiagen), according to the manufacturer's instructions, and each sample was eluted from the column with 50 μL of RNA diluent II.
HCV-RNa QUaNtIFICatIoN
HCV genomic copy numbers in purified total cellular RNA samples and/or culture medium (supernatants) were quantified using the primers and probes as described. (22, 23) Briefly, each sample was quantified in triplicate using a TaqMan Fast Virus 1-Step Master Mix (Thermo Fisher Scientific) with 5 μL of RNA input per reaction in a 25-μL mixture. PCR reaction conditions were: 50°C for 2 minutes, 60°C for 30 minutes, 95°C for 3 minutes, followed by 50 cycles at 95°C for 20 sec and 60°C for 1 minute using an ABI 7900HT system. Copies of HCV RNA were determined by in vitro transcribed HCV1a RNA standards (20) with Sequence Detector Software (version 2.2; Applied Biosystems) and normalized to 1 μg of total RNA or per mL of culture medium input.
pRepaRatIoN oF Heat aggRegateD HUmaN gloBUlIN
Human polyclonal immunoglobulin G (IgG) against HCV was isolated from a chronic HCV patient's plasma according to a described method. (24) Negative control human IgG was purified from the plasma of a healthy blood donor using the same method. The production of heat aggregated human globulin was carried out as described. (25) The IgG solution was prepared in 0.9% NaCl at 6 mg/mL, incubated at 63°C for 30 minutes with occasional shaking, and followed by immediate cooling in an ice bath. The IgG solution was clarified by centrifugation at 1,500g for 15 minutes at 4°C; the concentration was adjusted to 5.0 mg/mL with 0.9% NaCl solution, and it was stored at -80°C until use.
StatIStICal aNalySIS
Quantitative analysis of the HCV genome copy number assessed by real-time quantitative PCR (qPCR) is expressed as the mean ± SD. An unpaired Student t test was used to determine statistical significance. Values of P < 0.05 were judged significant. Data were analyzed and graphs created with GraphPad Prism software (version 7; GraphPad Software Inc., La Jolla, CA).
Results

ComplemeNt-meDIateD BINDINg oF HCV to eRytHRoCyteS
We previously developed an in vitro model system for studying HCV binding to CD19-expressing B cells from PBMCs, and found that the complement system mediates this interaction. (22) In the current study, we first evaluated whether the most commonly used cell culture-produced HCV, viral genotypes 1a (H77s) and 2a ( JFH1), could bind to erythrocytes in our model system. We performed a standard binding assay, and observed that both HCV 1a and 2a viruses became robustly bound to erythrocytes (P < 0.0001) after mixing with complement-active serum (Fig. 1A) . In the absence of serum, binding of HCV to erythrocytes was minimally detectable.
KINetICS oF HCV BINDINg to eRytHRoCyteS
To determine the optimal binding time, time-course experiments were performed. Opsonized HCV1a virus bound to erythrocytes within 2 minutes (Fig. 1B) . Maximum binding of opsonized HCV to erythrocytes was observed after 20 minutes of incubation, and then binding decreased significantly after 30 minutes. Similar results were obtained with HCV2a virus (Supporting Fig. S1 ).
ComplemeNt patHWayS INVolVeD IN tHe BINDINg oF HCV to eRytHRoCyteS
To investigate which complement pathways were involved in binding of HCV to erythrocytes, we used commercially available complement-depleted serum and purified complement proteins. C1 is a multimeric protein that initiates the classical complement pathway and is composed of a recognition subunit (C1q) and two protease subunits (C1r and C1s). When HCV binding experiments were performed with C1q-depleted serum samples, HCV binding activity was diminished to bare detectability ( Fig. 2A) . When C1q-depleted serum was supplemented with purified C1q protein, binding of HCV to erythrocytes was fully restored, suggesting that C1q protein is essential for promoting binding of HCV to erythrocytes.
In experiments with C2 or C4-depleted serum, binding activities were reduced by 60%-65% compared to the respective serum samples supplemented with purified proteins (Fig. 2B,D) . None of the purified proteins were able to promote binding of HCV to erythrocytes in the absence of serum ( Fig. 2A,B,D) .
In C3 reconstitution experiments, binding activity of HCV to erythrocytes occurred in a dose-dependent manner when increasing concentrations of purified C3 protein were added to the C3-depleted serum (Fig. 2C) . There was no binding in the absence of serum, even when higher amounts of purified C3 protein were added.
In C5 reconstitution experiments, binding activity of HCV to erythrocytes declined when increasing concentrations of C5 protein were added to the C5-depleted serum, suggested that C5 is not required for this binding (Supporting Fig. S2 ).
CR1 (CD35) on erythrocytes can bind C3b and C4b. It was thus of interest to explore which complement activation fragments of these molecules play a critical role in HCV binding to erythrocytes. 7 copies total; HCV2a [JFH1], 2 × 10 8 copies total) were incubated in the absence (100 μL of medium only) or in the presence of serum (100 μL) at 25°C for 30 minutes. Then, 2 mL of erythrocytes (2.5 × 10 8 cells/mL) in complete RPMI medium were added to the reaction mixture and incubated further at 25°C for 15 minutes. Finally, a final concentration of 20 mM of EDTA was added to stop the reaction, and the reaction mixture was immediately cooled for 5 minutes in an ice bath. Erythrocytes were collected by centrifugation and washed three times with 1 × PBS (pH 7.4). Total RNA isolation from erythrocytes and quantification of HCV RNA were performed as described in the Patients and Methods section. HCV associated with erythrocytes was significantly higher for both genotypes in the presence of serum. (B) Kinetic profiles for HCV binding to erythrocytes. For the optimal binding time, 3 mL of medium containing HCV1a virus (1.5 × 10 7 copies total) were treated in the presence of serum (100 μL) at 25°C for 30 minutes. Erythrocytes (5 × 10 8 cells total) in 2 mL of RPMI medium were then added, and the incubation continued at 25°C with variable times as stated. A control (Cont) experiment without serum (100 μL of medium only) was performed for each assay and incubated at 25°C for the longest time point as indicated. After adding EDTA to a final concentration of 20 mM to stop the reaction, the reaction mixture was immediately cooled for 5 minutes in an ice bath. Erythrocytes were collected by centrifugation and washed three times with 1 × PBS (pH 7.4). Total RNA isolation from erythrocytes and quantification of HCV RNA were performed as described in the Patients and Methods section. HCV associated with erythrocytes was significantly higher at each time point in the presence of serum. Each value represents the mean ± SD of six determinations. Data are representative of two independent experiments using erythrocytes from at least two different healthy donors. ****P < 0.0001, compared to absence of serum; control (serum absent).
To address this question, complement C3/C4 reconstitution experiments were performed. We observed that addition of C3 to C3/C4-depleted serum did not affect binding of HCV to erythrocytes, whereas addition of C4 significantly increased binding (Fig. 2E) . There was no significant change when we compared binding after addition of C3 and C4 to the addition of C4 alone (Fig. 2E) . These results suggest that complement fragment C4b is important to the association of HCV with erythrocytes, most likely through CR1 (see below), whereas complement fragment C3b does not appear to play a significant role.
ReCeptoRS INVolVeD IN tHe BINDINg oF HCV to eRytHRoCyteS
To confirm that the binding of opsonized HCV to erythrocytes occurred through CR1, opsonized HCV particles were mixed with erythrocytes preincubated with antibodies (6 μg) against different complement receptors and cell-surface receptors (Fig. 3) , including CD11b (part of complement receptor 3), CD21 (complement receptor 2 [CR2/CD21]), CD32 (receptor for the Fc fragment of IgG), CD47 (integrin-associated protein), and CD35 (CR1). Only anti-CD35 significantly blocked HCV binding to erythrocytes. Anti-CD35 blocking activity was demonstrated at various concentrations of antibody ranging from 1 to 10 μg (Supporting Fig. S3 ).
eFFeCt oF aNtI-CD35 (CR1) aNtIBoDy oN tHe BINDINg oF HCV to eRytHRoCyteS FRom patIeNtS CHRoNICally INFeCteD WItH HCV
To investigate whether complement-mediated binding of HCV to erythrocytes occurred on red cells derived from HCV-infected patients, we performed
FIg. 2. Purified complement proteins C1q, C2, C3, and C4 added to the indicated complement-depleted serum can restore HCV binding to erythrocytes. (A-E) Three milliliters of medium containing HCV1a virus (1-3 × 10
7 genomic copies total) were treated with 100 μL of the indicated complement-depleted serum sample, complement-depleted serum sample plus the indicated purified complement protein, or purified complement protein only. After 30 minutes of incubation at 25°C, 2 mL of erythrocytes (5 × 10 8 cells total) in complete RPMI medium was added to the reaction mixture and incubated further at 25°C for 15 minutes. After adding EDTA to a final concentration of 20 mM, erythrocytes were collected by centrifugation and washed three times with 1 × PBS (pH 7.4). Total RNA isolation from erythrocytes and quantification of HCV RNA were performed as described in the Patients and Methods section. Each value represents the mean ± SD of six determinations. Data are representative of two independent experiments using erythrocytes from at least two different healthy donors. *P = 0.0107; **P = 0.0025; ***P = 0.0001, compared to C3-Dpl serum without C3 protein. Abbreviation: Dpl, depleted.
binding experiments with erythrocytes isolated from 4 patients with chronic HCV in the presence or absence of antibodies against CR1 (anti-CD35). Complement-opsonized HCV particles prepared by our in vitro methods efficiently bound to erythrocytes from HCV-infected patients and pretreatment with anti-CR1 antibodies significantly blocked binding activity (Fig. 4A-D) .
eFFeCtS oF ImmUNe CompleXeS CoNSIStINg oF HCV-SpeCIFIC aNtIBoDIeS oN tHe BINDINg oF HCV to eRytHRoCyteS
The above experiments were mainly focused on antibody-independent activation of the complement system by HCV. However, most published studies (26, 27) have described antibody-dependent binding between erythrocyte CR1 and circulating ICs. To investigate the role of HCV-specific antibodies in the binding of HCV to erythrocytes, we first incubated HCV with IgG from a healthy blood donor or with HCVspecific IgG from a patient chronically infected with HCV who had high-titer neutralizing antibody activity (50% reduction of JFH1 infectivity at 1 μg/mL IgG) to HCV as measured by an in vitro infectivity assay. After incubation with antibody, complementactive serum was added to opsonize HCV particles, and binding activity to erythrocytes was then measured and compared. Complement-mediated binding of HCV to erythrocytes was significantly enhanced in the presence of antigen-specific antibodies (Fig. 4E) . From binding experiments that restored C1q protein to C1q-depleted serum, we found that in the presence of HCV antibodies, HCV binding to erythrocytes was significantly enhanced compared to binding in the absence of HCV antibodies (Supporting Fig. S4 ).
FaCtoR I-meDIateD DetaCHmeNt oF opSoNIZeD HCV FRom eRytHRoCyteS
Factor I release of C3b and C4b from CR1 on erythrocytes resulted in an observed peak concentration of erythrocyte-bound HCV within 30 minutes and then a significant decline thereafter (Fig. 1B) . In the absence of Factor I, concentration of erythrocyte-bound HCV increased continuously throughout a 2-hour incubation period (Fig. 5A) . Furthermore, erythrocyte-bound HCV levels were high in Factor I-depleted serum, but were significantly lower after Factor I was added (Fig. 5B) . Correspondingly, free HCV levels were low in Factor I-depleted serum, but were significantly higher after Factor I was repleted (Fig. 5C) .
Effects of temperature on the release of HCV from erythrocytes were also investigated by incubating at 25°C and 37°C with variable times. Factor I-mediated release of HCV from erythrocytes occurred more efficiently at 37°C than at 25°C (Fig. 5D) .
HCV retained infectivity to a cultured hepatoma cell line (Huh 7.5.1 cells) after spontaneous or Factor I-mediated release from erythrocytes (Supporting Fig. S5 ).
HCV ReleaSeD FRom eRytHRoCyteS By FaCtoR I BINDS to CD19 + B CellS tHRoUgH CR2
Release of opsonized HCV from erythrocytes was Factor I dependent, indicating that C3b/C4b fragments were further processed into C3d/C4d on opsonized HCV particles. Next, we investigated which subset of cell populations in PBMCs would be the target of HCV particles attached with C3d/C4d fragments. HCV particles released from erythrocytes by Factor I treatment, as described in the previous section, were incubated with PBMCs for 1 hour. Subsequently, cells were fractionated into CD19 + B cells, CD14 genomic copies total) were incubated with heat-aggregated IgG (100 μg/mL) as indicated at 25°C for 30 minutes, followed by mixing with 100 μL of serum and incubating at 25°C for 30 minutes. Then, 2 mL of erythrocytes (2.5 × 10 8 cells per mL), isolated from three chronically infected HCV patients were added. The reaction was carried out at room temperature (25°C) for 15 minutes. After adding EDTA to a final concentration of 20 mM, erythrocytes were collected by centrifugation and washed three times with 1 × PBS (pH 7.4). Total RNA isolation from erythrocytes and quantification of HCV RNA were performed as described in the Patients and Methods section. Each value represents the mean ± SD of six determinations.
only CD19
+ -expressing B cells significantly captured opsonized HCV (Fig. 6A) .
Both CR1 (CD35) and CR2 (CD21) are expressed on the surface of B cells. To determine which receptor plays a major role in mediating the binding of HCV particles released from erythrocytes by Factor I, PBMCs were treated with antibodies against cell-surface receptors, such as CR1 (antibody, anti-CD35) or CR2 (antibody, anti-CD21), followed by incubation with Factor I-released HCV particles and isolation CD19 + B cells using magnetic microbeads. Only anti-CD21 showed strong inhibition of the binding of HCV to B cells (P < 0.0001) compared to isotype control (Fig. 6B ).
Discussion
In this study, we demonstrated that free HCV is opsonized by complement and binds to CR1 on erythrocytes (E-CR1); the presence of HCV-specific antibody significantly increased this binding. Furthermore,
FIg. 5. Effects of Factor I on HCV association with erythrocytes. (A) Three milliliters of HCV1a virus (1 × 10
7 genomic copies total) were incubated with 50 μL of Factor I-depleted serum (titrated previously) for 30 minutes at 25°C, followed by mixing with 2 mL of erythrocytes (5 × 10 8 cells total) and incubating with variable times at 25°C as indicated. After adding EDTA to a final concentration of 20 mM, erythrocytes were collected by centrifugation and washed three times with 1 × PBS (pH 7.4). Total RNA isolation from erythrocytes and quantification of HCV RNA were performed as described in the Patients and Methods section. (B,C) Six milliliters of HCV2a virus (6 × 10 8 genomic copies total) were incubated with 100 μL of Factor I-depleted serum for 30 minutes at 25°C, followed by adding 4 mL of erythrocytes (1 × 10 9 cells total) and incubating at 25°C for 2 hours. After several washing steps, the reaction was carried out in the presence of Factor I (8 μg) for 2 hours at 25°C. After adding EDTA to a final concentration of 20 mM, cells and supernatants were collected by centrifugation. Erythrocyte-bound HCV and free HCV released into the medium were measured as described in the Patients and Methods section. (D) Three milliliters of HCV1a virus (1 × 10 7 genomic copies total) were incubated with 50 μL of Factor I-depleted serum (titrated previously) for 30 minutes at 25°C, followed by adding 2 mL of erythrocytes (5 × 10 8 cells total) and incubating at 25°C for 2 hours. After several washing steps, the reaction was carried with Factor I (4 μg) at 25°C and 37°C at various times. Supernatants were collected by centrifugation. Free HCV released into medium was measured as described in the Patients and Methods section. Data are expressed for erythrocyte-bound RNA as HCV copies/μg total RNA and for free, released HCV RNAs as HCV copies/mL of supernatant. Each value represents the mean ± SD of six determinations (A,D) and 12 determinations (B,C). Data are representative of two independent experiments using erythrocytes from at least 2 different healthy donors. Abbreviation: Dpl, depleted. complement protein C1 was required whereas C2, C3, and C4 enhanced binding. Finally, dissociation of complement-opsonized HCV from E-CR1 was mediated by Factor I, and the released HCV was preferentially bound to CD19 + B cells by CR2 compared to other leukocytes.
Erythrocytes are known to shuttle complement-opsonized particles and ICs by E-CR1 to secondary lymphoid organs and to facilitate IC clearance from the circulation. (10) We previously found that free HCV was bound to CR1 on B cells through a complement-mediated mechanism. (22) Because 90% of the CR1 pool exists on erythrocytes and HCV is associated with IC-related diseases, we were interested in investigating whether complement could also mediate free and antibody-bound HCV attachment to CR1 on erythrocytes.
Using our assay system with cell culture-produced HCV, both HCV genotypes 1a and 2a (H77s and JFH1, respectively) became robustly bound to erythrocytes with up to 1,000-fold increased affinity in the presence of complement. In the absence of serum, virtually no erythrocyte-bound HCV was detected. Subsequent investigation of the opsonization time and binding kinetics revealed that the association of opsonized HCV particles with erythrocytes was consistent with reports on the binding of human immunodeficiency virus (HIV)-specific ICs and other ICs to erythrocytes. (27) The near absence of HCV binding to erythrocytes in C1q-depleted serum demonstrated that the classical pathway of complement activation was crucial in our model system. However, C1q protein alone was not sufficient to mediate HCV binding to erythrocytes, given that there was negligible binding activity observed when either free HCV or antibodybound HCV was mixed with C1q in the absence of other complement proteins (Supporting Fig. S4 ). This result was different from other non-HCV in vitro models (13, 14, 26) and may be related to HCV-binding dynamics or to differences in assay systems. In complement factor depletion and reconstitution experiments, we observed that complement proteins C2, C3, and C4 enhanced HCV-erythrocyte binding, but C2, C3, or C4 alone were not sufficient for binding (Fig. 2B-D) . Furthermore, the results of C3/C4 depletion and reconstitution experiments suggest a hierarchical role in the association of HCV with erythrocytes. In complement C3-depleted serum (C4 present), HCV binding was significantly enhanced by repletion of C3 in a dose-dependent manner (Fig. 2C) . However, in C3/C4-depleted serum, repletion of highconcentration C3 (C4 absent) did not enhance binding. Both C3 and C4 activation fragments, C3b and C4b, bind to CR1, suggesting that C3b plays a less-prominent role than C4b for HCV/E-CR1 binding. This is further supported by the observation that after restoring both C3 and C4 proteins to C3/C4-depleted serum, HCV-erythrocyte binding was not significantly different from when C4 was restored alone (Fig. 2E) .
Lower C3 and C4 levels have been reported in patients with chronic HCV when compared to healthy controls and when compared to patients with non-HCV-related liver disease. (28) (29) (30) Chronic HCVassociated immune complexes may consume complement resulting in acquired hypocomplementemia. For instance, profoundly decreased C4 levels in chronic HCV patients with mixed cryoglobulinemia has been reported. (31) Conversely, HCV may directly reduce complement levels through repression of C3 and C4 mRNA expression levels in hepatocytes. (28, 30) It is currently not clear whether decreased C3 and C4 levels in HCV infection are a result of HCV-related immune complex consumption, of HCV repression of C3 and C4, or both and whether these decreases result in clinically relevant deficiency. In our complement reconstitution experiments, we showed that HCV binding to erythrocytes was nearly absent when C3 and C4 were depleted (Fig. 2E) . If erythrocytes play a significant role in clearance of chronic HCV-related ICs, then our results would suggest that low C3 and C4 in HCVinfected patients may precede and predispose patients to immune complex-related disease.
To confirm the adherence of opsonized HCV to erythrocytes occurred by CR1 (CD35), we used anti-CD35 monoclonal antibody, which is known to block C3b/C4b binding sites. Whether using erythrocytes from healthy blood donors or HCV-infected patients, HCV binding to erythrocytes was blocked significantly more by anti-CD35 than by antibodies to other receptors (Fig. 3) . Antibodies to CR1 similarly blocked complement-mediated binding of HIV to erythrocytes in a previous study. (26) We observed a large decrease in the binding time of opsonized HCV to erythrocytes after 1-2 hours of incubation (Fig. 1B) . Similar findings were observed in the detachment of complement-coated bacteria and complement-opsonized HIV from erythrocytes and were attributed to complement Factor I activity. (27, 32, 33) Indeed, in the absence of Factor I, the binding activity of opsonized HCV to erythrocytes continuously increased beyond 2 hours of incubation (Fig. 5A) .
Factor I is a plasma serine protease that proteolytically cleaves C3b and C4b in the presence of cofactors such as CR1, releasing these complement proteins and any associated pathogens and/or immune complexes from the surface of erythrocytes. In this study, erythrocyte-bound opsonized HCV particles released by Factor I preferentially bound to CD19 + B cells in PBMCs through CR2 (Fig. 6) . Factor I deficiency results in the depletion of serum C3 levels and is associated with increased infections. (34) However, the correlation of the functional activity of differential Factor I serum levels with erythrocyte IC clearance capacity and/or IC-related disease or the role of CD19 + B-cell binding of dissociated HCV have not been investigated. Therefore, Factor I release of HCV from erythrocytes and binding to CD19 + B cells are of uncertain significance. In summary, this study provides direct evidence that complement-opsonized free and IC-bound HCV can bind to erythrocytes through E-CR1. Whether binding of free HCV to erythrocytes is related to HCV clearance or pathogenesis has not been investigated. Mixed cryoglobulinemia (type II) is among the most common IC diseases associated with chronic HCV infection. Whereas nearly half of patients with HCV have detectable cryoglobulins, (35, 36) less than 10% develop clinically apparent disease. (36, 37) We have demonstrated that HCV-IC binds to erythrocytes, and it is therefore plausible that factors affecting HCV-IC/erythrocyte interaction could influence the expression of clinically evident IC-related disease.
